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I. Introduction
Living systems require a minimum of c. 20 elements to synthesize complex molecules and biological constructs, such as membranes, nuclei, filaments or ribosomes (Williams, 1991) . Carbon (C) -the backbone of life -plays a central role because it can bond with many other elements, such as hydrogen and oxygen, to form large macromolecules composed of many repeated subunits. One family of such macromolecules, carbohydrates, are the plant metabolic currency because they provide both the building blocks for biomass and the energy required for biological chemical reactions and for the synthesis of other organic compounds. Structural carbohydrates are long-chained molecules used to build and solidify biomass components and structures, including cell walls, stalks and stems, whereas nonstructural carbohydrates (NSC) are the major substrates for both primary and secondary plant metabolism. The study of NSC in trees has a long tradition and dates back > 100 yr. Hartig (1878) , in his impressive early work on tree physiology, distinguished between nonorganized (i.e. soluble) and organized (starch, which he called endosperms) reserve compounds, whereas Fischer (1891) had already recognized different storage compound strategies in trees, identifying 'starch' and 'fat' (i.e. lipid storing) tree species. Seasonal dynamics in reserve compounds of forest tree species were investigated early in the last century (Fabricius, 1905) and have remained a focus in tree physiology research (e.g. Sinnott, 1918; Hoch et al., 2003) . The response of NSC concentrations to environmental cues has been studied in apple trees for > 80 yr (e.g. De Long et al., 1930; Oliveira & Priestley, 1988) , whereas recent observations of increased tree and forest mortality due to drought and heat have sparked new interest in the role of NSC in tree survival under changing environmental conditions (e.g. Galiano et al., 2011; Adams et al., 2013; Anderegg & Anderegg, 2013; Hartmann et al., 2013a,b; Obrien et al., 2014) .
NSC dynamics in tissues of trees and woody plants have been the focus of literature reviews (Oliveira & Priestley, 1988; Loescher et al., 1990; Kozlowski, 1992; Magel et al., 2000; Dietze et al., 2014) and research (Lacointe et al., 1994; Hoch et al., 2003; Richardson et al., 2013) during recent decades. Most of these have relied on the quantification of temporal variations in NSC concentrations or content (concentration 9 tissue biomass) to infer plant C dynamics (e.g. Galiano et al., 2011; Piper, 2011; Hartmann et al., 2013b; Mitchell et al., 2013) . However, recent findings have emphasized the difficulty of measuring NSC accurately in plant tissues (Quentin et al., 2015) , which in turn limits how changes in NSC can be quantitatively compared to other tree C fluxes. Only a few studies have investigated C fluxes by concomitantly quantifying several NSC sinks including growth, respiration and storage (Hartmann et al., 2015b; Klein & Hoch, 2015) . Although these approaches may be much more insightful for tree C relationships than concentration or pool size measurements (Ryan, 2011) , they still infer fluxes from changes in NSC concentration over time and may require the assumption of steady state on longer timescales.
One major theme we emphasize throughout this review is that measured concentrations of NSC in tree organs cannot be interpreted explicitly in terms of 'storage' functions, but that storage is the result of asynchronies in the supply and demand for C currency compounds that occur across a range of timescales and, in part, reflect distances between source and sink tissues. Thus, NSC concentrations not only have been used as an easily measurable metric of C storage, but also have been interpreted as a plant function (storage) per se (Fig. 1) . Such circular reasoning (Dietze et al., 2014) is also reflected in the prevailing assumption embedded in models that C supply from photosynthesis -an easily measured parameter, at least at the leaf level and over short time periodscontrols plant growth, as opposed to stoichiometric, genetic or other factors that are more difficult to assess (K€ orner, 2015) . Research spanning molecular biology to ecophysiology and ecology will be needed to break out of this cycle and to achieve predictive understanding of how plant NSC interact with environmental change.
Especially as the combinations of stresses experienced by trees are altered in the context of climate change and enhanced atmospheric CO 2 (Niinemets, 2010; Trumbore et al., 2015a) , questions about the central role of NSC are critical for predicting resilience of trees that differ in life stage (ontogeny) and life strategies (phylogeny). In this paper, we give particular emphasis to the regulation of NSC storage in trees. This is because trees are long-lived organisms likely to encounter many stressful periods throughout their lifetimes (Petit & Hampe, 2006; Niinemets, 2010) and trees may have to allocate NSC to long-term storage at the expense of other sinks to ensure survival (Wiley & Helliker, 2012) . In forests, NSC pools are large enough for their changes to be important in annual stand-level C balance and given the central role of NSC in plant functioning, it is not surprising that many vegetation models are based on the analogy of mobile C as currency or cash flow Klein & Hoch, 2015) . Hence, a thorough understanding of the process-oriented functioning of NSC in general and its interaction with C storage is key to realistic predictions of forest dynamics under changing environmental conditions (Dietze et al., 2014) , as well as to understanding feedbacks between forests and the global C cycle. Questions that need to be addressed to increase our understanding of the role of NSC in plant functioning include: How important is NSC storage in tree C allocation strategies? How are NSC used to mediate storage with demand from other plant functions (growth, defence, reproduction, osmoregulation, symbiosis)? Is there a critical threshold below which NSC are no longer available to support these functions, and what defines it? Can we predict how NSC influence tree response to multiple stress factors, and how that might vary with tree growth stage or life strategy?
Our goal in this review is to provide an overview of recent progress in answering these questions, geared to those who may be entering the field. We begin with an overview (section II) of the
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Inferences Available measurements Fig. 1 An illustration of how research on the roles of nonstructural carbohydrates (NSC) in plant functioning can suffer from circular logic. Processes in plant carbon (C) relationships are often difficult to measure directly (e.g. use of different substrates in respiration) and are investigated using available measurements, like changes in NSC concentrations. In turn, these changes are frequently interpreted as a process (e.g. reserve formation/accumulation) although the regulatory mechanisms driving this process have not been addressed directly. Such circular reasoning leads to investigations on 'what we can measure' instead of 'what we want to know'. different forms and functions of NSC in trees, giving examples of how one type of stress, drought, can act to alter those functions. In section III, we review tools, including new isotopic approaches, used to measure and infer dynamics of NSC. Section IV summarizes how application of these tools has resulted in new ideas of storage in trees that includes mixing and transport within tree stems, and section V proposes manipulative experiments designed to further elucidate the role of NSC in trees subjected to environmental stress.
Throughout the paper, and especially in section II, we use drought as an example of environmental stress that impacts NSC in trees. Drought-induced tree mortality has been recognized as a major survival threat for global forest ecosystems (Allen et al., 2010) and there is substantial evidence that the global vulnerability to climate change-induced forest die-off is highly underestimated (Allen et al., 2015) . Recent studies focusing on drought-induced tree mortality, whether based on field observations or manipulative experiments, have failed to provide a clear line of evidence of the physiological processes during drought-induced mortality (Hartmann, 2015; Hartmann et al., 2015a) and how NSC is affected by drought (Hoch, 2015) . As a result, the interest in what factors control allocation of C to NSC storage pools and the overall role of storage in plant resilience to environmental stress has increased recently (Wiley & Helliker, 2012; Dietze et al., 2014) . Although our understanding of physiological responses to environmental stress such as drought is quite well developed for particular processes including photosynthesis (Flexas et al., 2005; Atkin & Macherel, 2009; K€ orner, 2015) , this is not the case for many wholeplant processes such as regulation of NSC partitioning across different sinks, especially during stress.
II. NSC in plant function: synthesis, classes, roles and responses to drought
In the Calvin cycle during photosynthesis, CO 2 is bound to a 5-carbon molecule but the resulting unstable 6-carbon molecule ultimately splits into two 3-carbon triose phosphate molecules. These subsequently form the primary product of photosynthesis, glucose, which in turn is used for the synthesis of most other plant compounds and structures. Primary and secondary cell walls are made of structural carbohydrates including cellulose, the most common organic polymer with an estimated annual production of 1.5 9 10 12 tons globally (Klemm et al., 2005) , and hemicellulose. Plants lack enzymes for cellulose degradation (Pallardy, 2008) , so C in these compounds is not available to the plant for future use (but see Murneek, 1929, and Hoch, 2007 , for a potential role of hemicelluloses as mobile reserve compounds). By contrast, NSC can undergo frequent transformations including the conversion of sucrose to starch in leaves during daytime and conversion back into sucrose during night, or the transformation of glucose and fructose into sucrose for transport (Gibon et al., 2009) .
Carbohydrates comprise a variety of different compounds that serve a range of functions. Here we concentrate on those that make up the majority of NSC (i.e. form the biggest C stores). Monosaccharides are mainly simple sugars containing more than three C atoms, but the most common monosaccharides have five (pentoses like arabinose, xylose or ribose) or six (hexoses like glucose, fructose or galactose) C atoms. These molecules are usually used as osmolytes and as substrates for respiration and for the synthesis of other molecules (Table 1) . In contrast to monosaccharides, disaccharides such as sucrose (table sugar) can be hydrolysed to smaller carbohydrates and sucrose is the most common transport sugar in plants. Oligosaccharides such as stachyose or raffinose usually contain between three and nine simple sugars and can be important compounds in phloem transport in some tree species. Polysaccharides are long chains of monosaccharides that can have a linear form, such as cellulose and amylose, or a branched structure, such as amylopectin. Amylose and amylopectin are the constituents of the most common storage carbohydrate, starch, and have the advantage over other carbohydrates in being osmotically inactive, allowing plants to accumulate them in large quantities. Besides NSC, lipids are important storage compounds and are used by plants as substrates for respiration but also for plant defence and communication (Table 1) , although we cannot thoroughly review recent and very exciting developments, especially those in volatile organic compounds, here.
Thus, NSC are directly or indirectly involved in all plant functional processes of primary and secondary metabolism ( Fig. 2) and some of these functions, such as growth, comprise a whole suite of individual processes which are under complex regulatory control in response to environmental cues (Taiz & Zeiger, 2002) . We will briefly highlight some processes that are key to understanding NSC dynamics, in particular storage. These processes are tightly linked to plant metabolism (e.g. photosynthesis and respiration), defence, osmoprotection and osmoregulation, transport of C and water, export and exchanges with symbionts. Hence, NSC storage is an integrative function relating all of these processes (Fig. 2) . As examples of the complexity of tree response to environmental stressors, we have added in each case how drought can change NSC. For conciseness, however, many other processes, such as the biosynthesis of secondary metabolites for attraction of pollinators or as antioxidants, are not covered here because they do not represent, at least under normal conditions, a large proportion of the plant C balance (Kesselmeier et al., 2002) . They are, nonetheless, quite important for plant functioning (Swain, 1977) . New Phytologist
Photosynthesis and metabolism
During photosynthesis plants transpire hundreds of molecules of water for each molecule of CO 2 they assimilate (Taiz & Zeiger, 2002) . Most of this water is transpired and only a small fraction is used to provide electrons for the light-dependent reactions of photosynthesis. Vascular plants control water loss from transpiration via regulation of stomatal aperture when soil water availability is reduced or when water vapour deficit is high. Regulation in response to declining soil water availability is triggered by root signalling via phytohormones causing stomata to close (Brodribb & McAdam, 2011) ; however, stomatal closure also reduces CO 2 diffusion into the leaf. According to a current framework for plant drought responses (McDowell et al., 2008) , stomatal closure during drought reduces C uptake and forces trees into NSC storage dependency, thereby linking a tree's capacity to mobilize and use stored NSC as a source for metabolic activity, defence against pathogens and for osmoregulation directly to tree survival (McDowell, 2011) . However, drought also decreases plant water potential and cell turgor required for cell expansion following mitosis and this leads to a concomitant reduction in C demand for growth. Because growth declines earlier during drought than photosynthesis, NSC pools may actually increase in early phases of drought (Muller et al., 2011) but metabolic needs for respiration and osmotic adjustment may reduce NSC pools during longer droughts until the plant dies (McDowell, 2011) . Observations of NSC concentration changes in trees during drought are rather inconclusive, though; concentrations may increase or decrease or not change at all (e.g. Galiano et al., 2011; Galvez et al., 2011 Galvez et al., , 2013 Anderegg & Anderegg, 2013; Mitchell et al., 2013; Poyatos et al., 2013) and this response can even vary across plant organs of individual trees (Hartmann et al., 2013b) . Our current understanding of NSC dynamics during drought is very limited because research has focused on NSC concentrations, and aboveground compartments, rather than on all of the functions and organs that are affected by drought. The interplay of sink activities (e.g. growth vs NSC) at the whole-tree level has so far been assessed only in natural settings using a top-down (ecosystems to tree) approach (e.g. Klein & Hoch, 2015) or under strictly controlled experimental conditions on small trees (e.g. Hartmann et al., 2015b) .
Plant metabolism involves biochemical pathways that break down larger molecules into smaller units that are either oxidized to release energy (catabolism) or processed in other reactions to produce different molecules (anabolism). The energy and the C skeletons required for biosynthesis and cellular maintenance are produced by carbohydrate catabolism (respiration), generally releasing 30-40% (Poorter et al., 1990) and theoretically up to c. 80% of previously assimilated C (Amthor, 2000) . Respiration in plants can be achieved mainly via the glycolytic and the tricarboxylic acid (TCA) pathways. Carbohydrates are converted into pyruvate or malate via glycolysis or the oxidative pentose phosphate pathway (OPP), respectively. Glycolysis generates reducing power in the form of a net gain of both ATP and NADH, OPP produces pentoses as well as reducing equivalents in the form of NADPH. Hence, OPP as a major source of reducing power and metabolic intermediates for biosynthetic processes plays a rather anabolic role (Kruger & von Schaewen, 2003 ). Yet another type of respiratory pathway, originally identified in thermogenic inflorescences of the Araceae, the 'voodoo lily' (Meeuse, 1975) , diverts The primary products of photosynthesis, that is, nonstructural carbohydrates (NSC) play a central role in plant functioning as the substrate for all plant metabolic activity. Hence, all catabolic and anabolic processes, including primary or secondary metabolites, are tightly coupled with the availability of NSC. Storage (indicated by a separate NSC pool) shares this central importance with the NSC pool. As pictured, storage NSC can be exchangeable with more recently fixed NSC. One major area of current debate is whether allocation of new photosynthetic products to storage is an actively regulated process (in which case storage would compete with the other processes pictured) or is merely an overflow buffer that balances inequalities in supply and demand. Actively regulated C allocation processes are indicated by red arrows, overflow processes by turquoise arrows. Note that allocation can be mediated by both processes although overflow likely may not be very important for metabolism and biosynthesis. The timescale of buffering provided by NSC storage depends on its distance from sources like photosynthetic or conductive tissues (see also Figs 3 and 4).
electrons from the cytochrome pathway into an alternative pathway, often referred to as 'cyanide-resistant respiration' (McIntosh, 1994) . This pathway occurs under conditions of imbalance between upstream respiratory C metabolism and downstream electron transport and helps to prevent the generation of harmful active oxygen species (Vanlerberghe & McIntosh, 1997) . Plants can employ the alternative oxidase pathway to adjust energy production vs substrate oxidation under stressful conditions like drought (Atkin & Macherel, 2009) .
Drought affects tree metabolism through combined effects associated with higher temperatures (in 'hot' droughts) and transport limitation, as stomatal closure slows or stops water transport between roots and canopy. Respiration (production of CO 2 ) is normally used as the measure of metabolism in trees and generally increases with temperature (Ryan, 1991) , at least up to a certain temperature optimum, but respiration can acclimate to elevated temperature within a few days (Bryla et al., 1997) and this acclimation may be due to reduced substrate availability (Atkin & Tjoelker, 2003) . By contrast, drought alone reduces whole-plant respiration (Hartmann et al., 2013a) and root respiration (Bryla et al., 1997; Burton et al., 1998; Hartmann et al., 2013b) . Also, drought-induced declines in whole-plant respiration can occur even if NSC increases in the canopy due to reduced transport of substrates from sources to sinks (Hartmann et al., 2013a,b) . In combination with elevated temperature, however, drought leads to higher cumulative respiratory fluxes in leaves compared to drought only, causing a greater whole-plant C loss and potentially starvation (Adams et al., 2009) . Moreover, drought seems to hamper not only NSC mobilization, but also other catabolic processes, resulting in reduced use of alternative respiration substrates like lipids or proteins .
Defence
Plants produce numerous organic compounds that are involved in growth processes (primary metabolites) or play a role in a wide variety of functions ranging from defence and attraction to physical protection (secondary metabolites). Given the common metabolic origin of these compounds, the photosynthetic carbohydrates, it becomes self-evident that investigations of NSC dynamics should also consider the potential role of secondary metabolites in response to stress.
Although it is commonly believed that plants under stress are more vulnerable to additional disturbances (Manion, 1991) , stresses such as drought usually result in increased concentrations of secondary metabolites (Gershenzon, 1984; Mattson & Haack, 1987) which likely reflects the accumulation of NSC from decreased growth sink activity (Herms & Mattson, 1992) . However, accumulation of NSC may only occur during early phases of drought, and declining NSC availability during longer droughts may cause a reduction of allocation to defence compounds (Steele et al., 1995) . Patterns of NSC concentration change may also differ for canopy/distal branches, stems and roots, depending on how drought has affected transport of NSC within the plant. Additionally, the catabolism of fatty acids fuels the synthesis of volatile organic compounds (VOC), including jasmonic acid and methyl jasmonate, that provide protection against cellular and tissue damage from reactive oxygen species (Holopainen, 2004) . Such a protection is particularly important during drought stress (Apel & Hirt, 2004; Cruz de Carvalho, 2008) . How NSC availability and the production of VOCs from fatty acid catabolism interact at the whole-plant level, particularly under drought conditions, is not known.
Osmoregulation and osmoprotection
Plants can actively control the osmotic cell pressure to avoid tissue water deficit and to maintain physiological functioning under decreasing water availability by increasing the concentration of compatible (i.e. not interfering with other metabolic processes) substances (Morgan, 1984) . Plants employ a variety of different compounds for osmoregulation: mainly sugars, sugar alcohols and amino acids, but also hydrophilic proteins (Chaves et al., 2003) . These are synthesized in the cytoplasm from imported carbohydrates and cause a decrease in the cell osmotic potential that triggers diffusion of water into the cytoplasm from the vacuole and/or from neighbouring tissues (Morgan, 1984) . Compatible organic solutes protect plants during desiccation and against freezing damage by stabilizing proteins complexes and membranes (Bohnert et al., 1995; € Ogren et al., 1997; Oliver et al., 2011) . Declines in NSC during extended droughts will also affect osmoregulation and osmoprotection directly via availability of sugars and indirectly via reduced synthesis of compatible solutes. However, the minimum thresholds of NSC required to maintain osmoregulation and osmoprotection are currently unknown (Adams et al., 2013) .
Transport
NSC allows translocation of energy and C skeletons for biomass production across plant organs; that is, from sources to sinks. In source organs (e.g. photosynthetic tissue, storage organ during remobilization) sugars are either actively loaded into the phloem against a sucrose concentration gradient between mesophyll and phloem companion cells (CC) or along such a gradient ('passive loading'; Rennie & Turgeon, 2009; De Schepper et al., 2013) . Active phloem loading occurs in the apoplast via sucrose uptake transporters and requires energy (Ayre, 2011) , whereas symplastic phloem loading traps larger molecules in CC that are synthesized from sucrose diffusing through plasmodesmata in the cell membranes of bundle sheath cells (BSC). This passive loading process is driven by a sucrose gradient between BSC and CC that is maintained by the conversion of sucrose to oligosaccharides, like stachyose or raffinose in CC (Turgeon, 1996) or by maintaining a high concentration gradient of sucrose or sugar alcohols between mesophyll cells and CC without polymer trapping (Turgeon, 2010) . Although most woody species exhibit phloem cell characteristics indicative of symplastic loading, several tree species including ash (Fraxinus), apparently use a redundant loading strategy involving both apoplastic and symplastic transport (Gamalei, 1989; Oner-Sieben & Lohaus, 2014) .
Phloem transport is thought to be driven by a pressure build-up in source tissues (M€ unch, 1930) which is created when water moves into the highly concentrated phloem solution via osmosis. The resulting hydrostatic pressure in the phloem cells then pushes the sap to adjacent cells and all the way to sink tissues (meristems, storage tissues) where the pressure is released by actively withdrawing or leaking out of sugars from the phloem (Ryan & Asao, 2014) . Hence, phloem transport is dependent on a plant's capacity to build up hydrostatic pressure via water movement into the phloem from adjacent xylem (H€ oltt€ a et al., 2009). During drought, however, declining plant hydration causes a reduction in xylem water potential and in combination with reduced NSC availability can negatively affect phloem transport. Lower water availability in the xylem and less water movement into the phloem increases phloem viscosity and reduces phloem cell turgor, hence impairing sap movement through the vascular network (Sevanto, 2014; Mencuccini et al., 2015) . Although elevated temperatures during drought may reduce phloem sap viscosity to some degree, reduced NSC and water availability during drought have a much greater negative effect on phloem transport (Allen et al., 2015) .
Recently, the potential role of NSC in maintenance of xylem transport has been highlighted. Due to the great size of trees, longdistance transport of water faces a high pathway resistance and gravitational forces that cause strong xylem tensions and increase the risk for xylem cavitation (Sperry & Tyree, 1988) . The hydraulic system of trees is operating close to the threshold of cavitation (Choat et al., 2012) but hydraulic failure -that is, complete interruption of water transport due to runaway xylem embolismmay not occur as frequently as previously thought, at least not under nondrought conditions (Cochard & Delzon, 2013) . Recent theoretical advances show that embolism may be repaired via water inflow from surrounding nonembolized vessels and driven by an osmotic gradient established via importing low molecular-weight sugars into embolized conduits (Brodersen et al., 2010; Nardini et al., 2011) . This mechanism is currently hotly debated because methodological artefacts associated with conductivity measurements may yield spurious evidence for general occurrence of embolism repair (Sperry, 2013; Wheeler et al., 2013) . Although some suggest that the frequency of xylem refilling in trees may be greatly overestimated (Cochard & Delzon, 2013; Delzon & Cochard, 2014) , others proclaim xylem embolism repair to be a common phenomenon in trees (e.g. Trifil o et al., 2015) . Although there is no agreement on the importance of embolism repair, trees maintain sometimes large fractions of living ray and axial parenchyma cells in their stems (Morris et al., 2016) and these cells contain substantial amounts of NSC that could play important roles not only for embolism repair, but also for osmoprotection against freezing or as C reserve for pathogen defence responses in conducting xylem tissue (Plavcov a & Jansen, 2015).
Export: symbiotic interactions and root exudation
Complex biological and ecological processes occur in the rhizosphere with potentially synergistic and positive effects for plant growth and development (Bais et al., 2006) . Belowground interactions with rhizosphere bacteria (Yang et al., 2009) , mycorrhizal fungi (Ruiz-Lozano et al., 1995) or nitrogen-fixing bacteria (Sprent, 2009 ) can assist plants in tolerating abiotic stress while being competing sinks in a plant's NSC partitioning. Over twothirds of terrestrial plants interact with arbuscular mycorrhizal fungi which provide them with resources, such as water and minerals, in exchange for carbohydrates (Smith & Smith, 2011) , and up to 20% of the plant photosynthetic C yield can be allocated to fungi (Wang et al., 1989; Smith & Smith, 2011) . Carbohydrate transporters in plant cell membranes regulate this exchange at the plant-fungus interface (Doidy et al., 2012) , providing glucose as the main exchange carbohydrate to the fungus (Sch€ ußler et al., 2006; Nehls et al., 2010) , but it remains uncertain whether the plant or the fungi control this exchange (Fitter et al., 2011) .
In addition to contributing to soil processes through symbionts, roots exude a wide range of small molecular weight compounds directly into the rhizosphere, including inorganic ions, oxygen and water, enzymes, and a diverse array of C-rich primary and secondary metabolites (Uren, 2007) . Root exudation has been recognized as an important mediator for interactions between roots and both pathogenic and beneficial soil microbes, soil invertebrates and roots of competing plants (Walker et al., 2003; Weir et al., 2004) . Root exudation represents a substantial C cost to the plant, yet the proportion of soluble sugars (as opposed to mucilage or litter) may be small at < 1% of total photosynthetic yield (Uren, 2007) . Although difficult to measure, studies demonstrate that exudation increases with drought and other stresses (Henry et al., 2007) , including during winter freezing of soil in alpine forest (Scott-Denton et al., 2006).
Storage
Storage in plants has been defined as 'resources that build up in the plant and can be mobilized in the future to support biosynthesis' (Chapin et al., 1990, p. 424 ) so as to buffer any asynchrony of supply and demand which may occur on diel, seasonal or decadal (or longer) temporal scales and across plant organs. As such, storage plays a critical role in most if not all plant functional processes and is of a central importance for understanding plant functioning at the whole-tree level. Basically all models of woody vegetation, spanning scales from individual trees to forests and ecosystems, include some NSC storage component; however, the limited understanding of resource redistribution within plants in general and, in particular to and from storage, is mirrored by the lack of realism in the implementation of allocation to storage in models (Dietze et al., 2014; Fatichi et al., 2014) .
In their early work on plant storage economy, Chapin et al. (1990) differentiated three distinct processes: (1) accumulation (build-up of resources when supply exceeds demand); (2) reserve formation (metabolically regulated synthesis of storage compounds, competing with other sinks like growth and defence); and (3) recycling (reutilization of compounds involved in growth or defence during later metabolization). This definition includes, therefore, both an overflow process (accumulation) and an actively regulated component of storage (reserve formation). Interestingly, even some 30 yr after this seminal work, there is still discussion about whether C storage may be either 'passive' (sensu accumulation) or 'active' (sensu reserve formation) or both (Sala et al., 2012; Wiley & Helliker, 2012) .
Trees are long-lived organisms displaying delayed maturity and therefore have to secure long-term survival to maintain population fitness (Petit & Hampe, 2006) . Reserve formation may be an evolutionary response to C limitation allowing survival during unfavourable conditions, such as extended shading or recurrent severe herbivory (Wiley & Helliker, 2012) . However, storage pool concentrations may increase even under unfavourable conditions, as observed in evergreen conifers with increasing altitude (Hoch & K€ orner, 2012) . but such increases may be due to cold temperatures reducing growth more than photosynthesis. This growth limitation hypothesis (K€ orner, 1998) explains accumulation of carbohydrates from photosynthesis by limitations of sink activity (slow growth), and has further led to the idea that trees are not C-limited under current atmospheric conditions (K€ orner, 2003) . Moreover, NSC concentrations in tree tissues have been shown to increase even when other sink activities such as latex production are increased (Silpi et al., 2007) or when source activity was decreased, for example through defoliation (Wiley et al., 2013) . Such results have been taken as supportive evidence for upregulation of storage formation as to increase the safety margin in the face of environmental stochasticity (Sala et al., 2012) . In fact, NSC storage has been linked to seedling survivorship under unfavourable conditions such as sub-canopy shade (Kobe, 1997) and drought (Obrien et al., 2014) , but data on the role of NSC in survival of mature trees are sparse, inconclusive or missing.
III. Tools and approaches for quantifying NSC dynamics
Mature trees store enough NSC to refoliate the canopy at least once (W€ urth et al., 2005) or up to four times (Hoch et al., 2003) . Both concentrations and pool sizes can show strong seasonal and interannual variation. When these are summed to the stand level these differences are large enough to be a significant component of net ecosystem exchange (Tschaplinski & Hanson, 2003) and provide an explanation for mismatches between eddy covariancebased net ecosystem exchange measurements and growth-based net primary production . This section explores the methods used to measure NSC in plant tissues and to infer its dynamics using new isotopic tools.
Although Chapin et al. (1990) stated that concentration and pool size (concentration 9 tissue mass) are both useful for describing the production and use of NSC in plants, several problems limit inference of NSC dynamics and their role in treeand stand-level C budgets from concentration measurements alone. First and foremost, absolute concentrations of sugars and starches are hard to quantify accurately. A recent laboratory intercomparison by Quentin et al. (2015) demonstrated large unexplained biases in NSC concentration measurements with only some uncertainty related to different extraction and quantification procedures. In addition, trees may meet metabolic needs by shifting from carbohydrates to other reserve compounds such as lipids, or by recycling existing metabolites like proteins and both are rarely measured in tree ecophysiological studies. Such problems severely limit the usefulness of any metric derived from concentrations measurements for mass-balance approaches for whole-plant C balance estimation, for example, by comparison with measures of net photosynthesis and respiration fluxes (Hartmann et al., 2015b) . Direct assessments of whole-plant C balance are already challenging for smaller individuals (Zhao et al., 2013) but are exceedingly difficult in mature trees (Ryan, 2011) and hence new approaches are needed.
Measurements of NSC concentrations are useful for estimating changes in the net C balance of trees (Hoch, 2015) , but we advocate a shift from measuring only NSC concentrations and pool sizes to a more process-oriented approach that emphasizes NSC fluxes and especially functions. One basis for this shift is the fact that storage has a temporal dimension: that is, imbalances between C sources and sinks that cause changes in NSC concentrations can take place on day-night, seasonal or even longer timescales, depending on the location, chemical nature and function of substrate materials. This temporal dimension can be addressed using a suite of isotopic tracers (see Box 1), whether via stable isotope labelling (Epron et al., 2012) , application of a multi-year label associated with FACE experiments (reviewed in Niinemets, 2010) or using the decadesold radiocarbon labelling associated with atmospheric nuclear bomb testing (Trumbore, 2006) . Recent developments in laserbased analytical devices now allow online measurements of the isotopic composition of plant gas exchanges for real-time tracing of 13 C label through individual sugars and starch in different organs to respiration as CO 2 (Bahn et al., 2013; Blessing et al., 2015) . Newly introduced approaches from other disciplines, such as cavityenhanced Raman spectroscopy, also allow in situ investigations of respiratory quotients that have not been possible before (Keiner et al., 2013; Hanf et al., 2015) and site-specific labelling of metabolic substrates may allow insights into biochemical pathways of C metabolism (Tcherkez et al., 2012) . The following sections will address how the application of these new tools in investigations of plant C relationships allow us to go from just measuring 'how much NSC and where they are located' to 'under which conditions and to what extent are NSC used' to support plant function.
IV. What is the spatial and temporal distribution of NSC in trees?
The most commonly used measure of NSC dynamics has been tracking temporal variation in NSC concentrations in plant tissues. These measures indicate a range of temporal dynamics according to tissue type (Fig. 3) . Sugars produced in the leaf are converted to starch and stored in the chloroplast during daytime (i.e. when supply > demand) to be remobilized and used for growth during the night (Geiger et al., 2000) . This diel dynamic is under tight genetic orchestration and allows plants to avoid C starvation (i.e. depletion of starch before new supply by photosynthesis) even during nighttime periods of variable length (Gibon et al., 2004) .
Stems and coarse roots comprise the main woody volume of trees. Thus, even though their NSC concentrations are relatively low, they account for most of a tree's NSC-stock. Despite the fact that the central cylinder of the stem is often composed of vascularly dysfunctional secondary xylem (heartwood), in a number of species living parenchyma cells in wood rays span from the outer trunk inwards and into the sapwood-heartwood transition zone (Frey- (Hartig, 1878) . However, the diversity of extraction protocols and of measuring methods (e.g. high-performance liquid chromatography, photometric analysis, gas chromatography) along with a varying efficiency of extraction protocols to specific tissue matrixes makes NSC concentration measurements inaccurate and hence do not allow comparisons between studies (Quentin et al., 2015) . Given that such measurements are nonetheless precise (high repeatability within a given lab) they can be used for comparisons between treatments and changes in NSC over time within an experiment/observation, as long as no changes in tissue matrix chemistry occur (e.g. heartwood formation). For such studies, the use of natural 13 C abundances allows inferences on physiological parameters like water-use efficiency (Farquhar & Richards, 1984) or storage remobilization (Helle & Schleser, 2004) . Some compounds such as lipids or amino acids may not be regularly measured but still represent important reserves.
Pulse labelling is useful to investigate processes that involve several pools, like source-sink relationships, and for pools with turnover times from days to months, in exceptions a couple of years (Kagawa et al., 2006; Keel et al., 2007) . Pulse labelling allows studying how fast and where the labelled carbon (C; e.g. photosynthetic sugars) is allocated among competing pools. Allocation priorities can be estimated by comparing isotopic signals across the ensemble of pools (Hartmann et al., 2013b) and the decay over time allows estimating turnover times of the pools. Pulse labelling normally involves the use of 13 C (where the label can reach levels up to 50-100 times background levels (1%), or 14C (where levels up to 10 3 times background can be achieved depending on radiation regulations, and even higher if radiation protocols are followed Epron et al., 2012) ).
Continuous labelling can be applied to investigate processes that unfold over several months to many years. Due to the greater running cost the strength of the applied isotopic tracer is usually much lower than for a pulse label (e.g. 10 1 -10 2 per mil vs 10 2 -10 3 per mil VPDB). Continuous labelling allows estimating patterns of long-term allocation to pools such as stem or root woody biomass, as in FACE experiments (K€ orner et al., 2005) but usually requires increasing [CO 2 ] beyond current levels and hence does not allow inferences on 'normal' plant functioning (Epron et al., 2012) . This can be avoided by first reducing [CO 2 ] below ambient before adding the tracer, as has been done in open-top chamber experiments (Hartmann et al., 2013a) , but this usually implies the use of seedlings or saplings instead of mature trees.
The bomb 14 C approach builds upon the doubling of the atmospheric radiocarbon concentration during thermonuclear weapons during the early 1960s and its subsequent exponential decrease from oceanic and terrestrial CO 2 uptake as well as emissions of 14 C-free CO 2 derived from fossil fuel combustion (Trumbore, 2006; Muhr et al., 2013) . By comparing the 14 C signal of plant biomass samples with the atmospheric radiocarbon curve (Levin & Hesshaimer, 2000) , one can derive the average time since assimilation of the CO 2 in a given biomass pools, that is, often referred to as 'C age' (Richardson et al., , 2015 Figure Box 1. Temporal scales of the processes related to plant NSC storage, locations where these processes occur and the tools used for investigations. Note that for longer investigations spanning from seasons to decades isotopic tracers are required. & Bosshard, 1959; Ziegler, 1964 ; see Fig. 3 ). These rays connect living parenchyma cells in the sapwood (vascularly functional xylem) with the phloem and are thus interconnected with the assimilate translocation system, allowing both introduction and removal of carbohydrates (Ziegler, 1964) . NSC concentrations usually decrease from the outer towards the inner sapwood zone in stems but remain constant from the sapwood-heartwood transition into the heartwood (Hoch et al., 2003) . Seasonal and interannual variations in NSC concentration in woody branch and stem tissues have been reported in many temperate, tropical and subtropical tree species and other woody plants (Kozlowski & Keller, 1966) . These patterns of accumulation and loss of NSC (especially starch) may or may not be correlated with cambial activity, depending on the species/life strategy studied (Cameron, 1923; Cockerham, 1930; Wight, 1933) . For example, observations of increased NSC concentrations in branches and stems at bud break in several deciduous species led to the conclusion that initial growth in springtime is independent of storage compounds (Hoch et al., 2003) , whereas investigations using isotopic tracers (Kagawa et al., 2006) or natural abundance 13 C (Helle & Schleser, 2004) suggested that growth of branch sections (longitudinal growth) and stems (tree-ring early wood), was fuelled by C from storage pools in branches and in sapwood that was fixed in previous years. Another possible reason for NSC increase at the end of the dormant season is photosynthesis in the bark of fine branches (Offermann et al., 2011; Bloemen et al., 2013) . Fig. 3 Storage sites within the tree body, functional roles of nonstructural carbohydrates (NSC) and their temporal scales. Chloroplasts in leaves store starch during diel cycles to buffer diurnal over-supply of sugars and night-time demand for growth. Reproductive organs are generally made from current season photosynthetic carbon (C). Lighter green parts of the tree body (fine branches, fine roots, sapwood and phloem) indicate locations for seasonal storage pools, whereas darker green and brown parts (trunk, large branches, coarse roots) contain storage pools that may be mobilized only in small proportions during normal functioning but can make up most of the C source during catastrophic events that occur on decadal/centennial timescales, like severe and repeated herbivory, wind and ice-storm damage (branch breakage) or fire. Different pools are interconnected via assimilate translocation within the phloem (vertical transport) or via wood rays spanning radially from phloem in the trunk sapwood and heartwood. NSC are used at these different timescales to support metabolism (respiration), to provide C skeletons for structural and reproductive growth, to allow C translocation across organs, to maintain hydraulic integrity (osmoregulation and -protection, embolism repair) and for export (root exudation, exchanges with symbionts). 
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Bomb radiocarbon measurements permit estimation of the mean time elapsed since C in NSC (NSC-C) was originally fixed from the atmosphere (see Box 1). The few measurements in trees made to date demonstrate an overall pattern of increasing mean age of NSC-C with greater distance from its sources in the canopy and phloem (Figs 3, 4) . For example, in two temperate trees, the C extracted from branches had NSC with 14 C signatures indicating that it was fixed in the current year, whereas in fine roots it was several years old (Richardson et al., 2015) . Radiocarbon signatures of 'mobile' (i.e. water-or methanol-extracted) NSC reflect that its C is derived from recent photosynthetic products in the outermost growth rings of stems and coarse roots (Richardson et al., 2015) . With increasing distance from the phloem, mean NSC-C ages increase, to decades or even older . This 'mobile' C is consistently younger than the cellulose from which it was extracted (Richardson et al., , 2015 Trumbore et al., 2015b) , indicating that mixing of younger NSC-C inward into the stem exceeds fluxes of older NSC-C outward (Fig. 4) . Data from a range of temperate tree species, ages and life traits (evergreen, deciduous) indicate that this net inward mixing of NSC is a common pattern that seems to scale across different tree species (Fig. 5) . Starch extracted from stem wood tissue generally has the same 14 C content as low molecular weight carbohydrates, indicating either rapid exchange between these pools, or that the methods of extracting mobile NSC (which includes soluble compounds other than sugars) and starches are not actually separating them effectively by mean age .
Both radiocarbon analyses and long-term 13 C label studies have demonstrated that stem wood (especially early wood in deciduous trees; Mildner et al., 2014) , leaf buds, new leaves and new fine roots (Keel et al., 2007; Gaudinski et al., 2009; Muhr et al., 2016) are built from NSC-C derived from a mixture of new and older source C. Further, the observation that CO 2 emitted from tree stems Muhr et al., 2013) and respired by roots (see review by Hopkins et al., 2013 ) is derived at least in part from C fixed years to decades previously, supports the idea that more distal, older, NSC stores in stem sapwood and living roots form part of a mixed pool available for supporting plant functions Fig. 6 ).
Together, the combination of observational constraintsseasonal variations in NSC concentration and isotopic studies demonstrating contributions of multi-year C pools to growth and metabolism -has led to the formulation of new conceptual models of NSC dynamics. Models that explain both decades-old C in NSC in interior stems with younger C emitted from tree stems require a two-pool model with a 'fast' pool that varies in size seasonally and a 'slow' pool that acts as a buffer on multi-annual timescales ). An alternative model does not define pools but rather the timescales for lateral mixing and metabolism of NSC in the stem. In this model, it is the decline of mixing and metabolic rates within the stem that define the timescales on which old C persists. A mixture of C derived from metabolism of fast and slow pools is emitted from tree stems, with greater contributions from the 'slow' (or more distal) pool fuelling metabolism in the dormant season in temperate deciduous trees (Fig. 5) .
Application of these models to various tree species and ontogenies highlights differences in NSC dynamics depending on the 'vigour' of the tree, with fast-growing 'vigorous' trees a larger 'fast' (and young) NSC pool which fuels current metabolism and also mixes in toward the centre of the tree stem and to more distal and older pools (Trumbore et al., Y Fig. 4 Age pattern of translocated, stored and mobilized/metabolized nonstructural carbohydrates (NSC) in a schematic representation of a stem section. 'Young' carbon (C) is translocated in the phloem (light green) and deposited within parenchyma cells within the sapwood by transport via wood rays (grey). This inward transport creates a net inward mixing effect, that is, NSC located within a given tree ring is younger (see colour offset) than the structural biomass of that ring. CO 2 evolved from local metabolism carries the same 14 C signature (~age) as the locally stored NSC. During periods of storage dependency (e.g. drought, girdling), the outward translocation of stored NSC from inner stem parts causes an increase in the 14 C signature of the NSC in more peripheral tissues, such as in the phloem. This 'older' C may then be transported to other plant organs (e.g. roots). 2015b). By contrast, slow-growing, less vigorous trees produce a smaller 'fast' NSC pool which cannot always satisfy current metabolic demand, making the use of 'slow' (distal and old) pools necessary when fresh C supplies are low . Such conceptual models can be used to formulate hypotheses that are testable in mature trees, and suggest reasons why some trees may be more resilient to, for example, damage or extreme climate stress than others (Niinemets, 2010) . Results of isotope studies over a range of timescales highlight why NSC concentrations and pool sizes are not by themselves sufficient to quantify storage pool use. Fluxes into or out of NSC pools can only be detected when the pool sizes substantially change, and even then, they reflect net not gross fluxes. For example, Hartmann et al. (2015b) , by assessing whole-tree C balance, showed that allocation of newly fixed C to NSC pools in stems can be maintained even when the net change in pool size is zero or even negative. In this study only the use of an isotopic marker ( 13 C) allowed tracing the flux of newly-assimilated C into the storage pool. The absence of response of NSC pools during periods of strong sink activity (Hoch et al., 2003) can similarly be interpreted as indicating rapid turnover, if there are also C sources to offset C losses. Without information on both pool sizes and fluxes into and out of the pool such inferences cannot be made but fluxes are difficult to assess especially at the whole-tree level (Ryan, 2011) . In the following section, we will highlight a selection of fundamental questions related to the role of NSC in plant functioning and show how some of the tools described above have been successfully employed to gain new and important insights.
V. Studies on the use of NSC in plant functioningprogress towards answering longstanding questions
1. To what extent are older or more distal NSC stores available for metabolism?
The use of storage reserves to support catabolism cannot be easily inferred from measurements of NSC concentration changes if transport processes, such as C translocation across organs, are not also addressed (Adams et al., 2013) . NSC dynamics needs to be tracked in all organs, especially in roots, where sustained negative C balance can contribute to tree mortality (Landh€ ausser & Lieffers, 2012) . For some species living in colder climates, the respiratory demand of several months can be covered by a single day's C gain (K€ orner, 1998) , making changes in NSC concentrations difficult to detect. However, as noted above, C isotopes in respired CO 2 can provide a sensitive detector for shifts in the balance of older and younger C sources for metabolism. Although this may be complicated by the fact that CO 2 efflux (e.g. from stems) can reflect a combination of respired (in situ) vs transported (remotely respired) CO 2 (Teskey & McGuire, 2002; Bloemen et al., 2013) , incubations of stem increment cores or roots can also be used to determine the isotopic signature of respiration sources (J. Muhr, unpublished data).
Several outstanding questions surrounding the role of NSC in tree resilience and mortality can now be addressed by combining available tools with manipulative studies. For example, one question related to the models of NSC in tree stems is whether Carbone et al., 2013) compared to the mean age of C in 'mobile' nonstructural carbohydrates (NSC) extracted from the same wood sample. The line indicates the 1 : 1 relationship. Points falling below the line indicate that C in mobile phases is consistently 'younger' than the structures where it is found. This indicates that even if NSC is mixed both outward and inward, the net movement is of younger C inward (see also Fig. 3) . Abbreviations in the key: Q, Quercus; P, Pinus; A, Acer.
Tropical (1 New Phytologist stores available to the plant are well-mixed or follow a first-in, firstout rule for accessibility. If accessible NSC are a well-mixed reservoir, we would expect the radiocarbon signature of metabolized C following treatments like girdling or shading that remove sources of newly fixed C to increase, thereby reflecting the use of NSC-storage sources, and then plateau. Moreover, if successively older and older (more and more distal) pools are accessed, we expect the mean age of respired CO 2 to continue increasing over time. Similarly, tracking how the age of both respired C and NSC change in various organs during tree death can shed light on whether residual NSC might be inaccessible for metabolism or simply not used in processes when trees approach mortality.
Do plants under stress shift sources of C substrates used in metabolism?
When under stress, plants may shift from NSC to burn fats or lipids, which are not normally quantified. Such shifts in substrate can be detected by measurement of the respiratory quotient (RQ = CO 2 evolved over O 2 consumed during respiration, as more O 2 is consumed to oxidize lipids than carbohydrates). New optical methods, including cavity-enhanced Raman spectroscopy, allow continuous in situ monitoring of changes in respiratory quotient associated with a shift from carbohydrate to lipid substrates for metabolism (Keiner et al., 2013; Hanf et al., 2015) . Further, CO 2 evolved from lipid metabolism is more strongly depleted in 13 C than CO 2 evolved from carbohydrates (Gleixner et al., 1993; Bowling et al., 2008) and the natural abundance of 13 C can therefore be used as indictor for substrate changes and storage use. Fischer et al. (2015) used such measures of RQ and 13 C in respired CO 2 to show that trees under C limitation (from shading) switched from progressively declining carbohydrates to stored lipids to fuel respiration but this was not observed during drought. The observed decreasing NSC content in shaded trees during the experiment would likely have been interpreted as a preferential use of NSC in respiration, if alternative respiration substrate content, RQ and d 13 C of respired CO 2 had not also been assessed along with NSC content. Ideally, measurements of RQ can be combined with other isotopic measures including substrate age as part of field manipulation experiments, although this may rely on development of field-robust O 2 sensors of suitable accuracy. Such manipulations would allow investigations on long-term dynamics of substrate use, either during phenological or ontogenetic development or during periods of prolonged stress.
Is allocation to storage maintained under C limitation?
Limiting plant C availability via defoliation or reductions of atmospheric [CO 2 ] may indicate allocation priorities and several recent studies have tracked how such limitations affect C reserves. For example, maintenance of NSC concentrations (used as measure of storage) during concomitant reductions of growth occurred even when the supply of new C had been constrained via defoliation (Wiley et al., 2013; Puri et al., 2015) or in trees strongly affected by drought (Klein, 2015) . These studies are clever attempts to tackle C storage regulatory dynamics. However, they cannot resolve whether this maintenance of NSC under constrained C supply was in fact new reserve formation or mere accumulation in response to growth declines from either reduced turgor (and hence reduced demand for NSC; Muller et al., 2011) or from defoliation-induced hormonal changes affecting cambial activity (Puri et al., 2015) . By contrast, a direct manipulation of C availability via low atmospheric CO 2 used 13 C labelling of new photosynthetic products to show that allocation to storage was maintained even though the NSC pool size decreased (Hartmann et al., 2015b) .
Corroborative evidence from radiocarbon analysis of springtime ascending xylem sap in sugar maple (Acer saccharum) indicates that the sugars mobilized to fuel leaf-out have been assimilated during several preceding growing seasons, likely by regular allocation of NSC to a well-mixed 3-5 yr 'deep' functional storage pool (Muhr et al., 2016) . Such studies also show that results from lab experiments may be meaningful for general plant functioning, as observed in the field. Moreover, NSC in the maple tree sap represent the mobilized storage pool that can be used, at least to some degree, to grow the leaf canopy in spring and hence investigations on NSC dynamics in this pool may avoid potentially misleading definitions of operationally defined 'available' (i.e. extractable but maybe not metabolically important) NSC stored in tree stems.
Whether 'regular' allocation to storage under field conditions is also maintained under C limitation can be tested by using stem girdling to control C availability to tree tissues below the phloem cut, and then look at how that affects metabolically available C in the tree. A study is underway to follow how girdling (i.e. cutting off of new assimilates) affects the 14 C content of the storage pool mobilized during sugar maple springtime xylem sap ascent (Muhr et al., 2016) . This study will assess functional processes (such as respiration or synthesis of biomass and defence compounds) that rely on storage after girdling in trees of different ages, species and life strategy (e.g. shade-tolerant maple vs pioneer beech) and hence with likely different storage use strategies.
What controls storage?
Reserve formation can be achieved either via direct upregulation of storage processes (e.g. starch or lipid synthesis) or by downregulating allocation to competing sinks such as growth ('quasi-active storage'; Dietze et al., 2014) . Regulatory processes at the molecular and biochemical levels using gene expression and enzyme activity have so far been investigated only in annual herbs and over diel timescales (Smith & Stitt, 2007) . but findings from such studies may not be relevant for long-lived organisms like trees. In studies that actually addressed regulatory processes in plant C relationships in citrus trees the modification of source-sink relationships caused a genetic downregulation of photosynthetic activity as to avoid excessive carbohydrate accumulation in branches (Nebauer et al., 2011) ; however, further implications on whole-tree storage have not been addressed in this study. Importantly, a better understanding of molecular storage regulation in tree species is key to improve modelling efforts of vegetation dynamics (Dietze et al., 2014) .
Directly addressing storage regulatory mechanisms in mature forest trees will remain a major -and likely impossible -challenge.
However, one can learn much about tree functioning from studies on cloned seedlings and saplings, because even small trees are nonetheless perennial plants with particular life strategies for longterm survival (Petit & Hampe, 2006) . By reducing atmospheric [CO 2 ], such small trees can be forced into gradually developing storage dependency of different degree (e.g. C compensation, C starvation) and their allocation strategies investigated by assessing changes in sink activities (via changes in biomass and in tracer signals) along with the underlying molecular (i.e. genetic) or biochemical (i.e. hormonal) regulatory patterns, similar to what has been done in Arabidopsis (Smith & Stitt, 2007; Hummel et al., 2010) . Only such approaches will have a hope of resolving recent debates on the control of storage components. Reserve formation should be independent of abundant C supply (surplus) and should be maintained even under decreasing C limitation, likely down to the C compensation point (Fig. 7) . The storage pool size may decrease but sustained allocation can be traced with isotopic markers added to the atmosphere (Hartmann et al., 2015b) and should be accompanied by distinct transcript patterns of genes encoding for storage processes, like starch or lipid synthesis (Koch, 1996) and associated enzymatic activities. Although accumulation may be controlled by a similar genetic orchestration in response to sugar signalling when concentrations are high (Smeekens, 2000; Rolland et al., 2006) reserve formation as an evolutionary trait of 'being a tree' (Petit & Hampe, 2006) should be independent of C availability until short-term survival is at stake and reserves must be remobilized (transition from C compensation to C starvation, see Fig. 7 ).
5. Is there a link between use of internal-stem NSC and tree water transport?
A topic of current hot debate is the potential ability of trees to repair embolism during routine functioning and during drought via importing low molecular-weight sugars into embolized conduits (Brodersen et al., 2010; Nardini et al., 2011) . High NSC concentrations at death during drought-induced mortality were found in several gymnosperm species and associated with lower xylem vulnerability but the existence of a causal relationship still needs to be formally tested (Henry Adams, personal communication) . A potential approach to test this relationship could build on local labelling of stem parenchyma NSC via bark photosynthesis (Vandegehuchte et al., 2015) and tracing of this signal within the xylem stream following a post-labelling drought phase (to induce embolism). Girdling above and below the labelling surface in trees that lack axial parenchyma cells, such as conifers, can prevent vertical transport of assimilates and would force NSC to be deposited into sapwood parenchyma. Such studies may take advantage of the high traceability of 14 C markers because only small amounts of stem-assimilated 14 CO 2 would likely be stored within stem parenchyma cells and further diluted following embolism adsorption and xylem upward transport. Although leaching of NSC into xylem water may occur also in the absence of embolism repair in control trees, a greater tracer recovery in trees with embolism would nonetheless indicate a causal link between NSC and embolism repair, given that the latter is also detected in those trees.
What is the role of symbionts in plant C allocation strategies?
The exchange of NSC between plants and symbionts, including insects including ants as well as nitrogen-fixing bacteria or mycorrhiza, are important NSC sinks affecting the whole-plant C balance (Pringle, 2016) . Radiocarbon measurements of mycorrhizal fruiting bodies and parasitic plants indicate that C being transferred is mostly fixed within the last year (Gaudinski et al., 2009) , which would seem to indicate that this is a high priority, although few systematic measurements exist. Questions about the role of NSC supply can be answered with manipulative experiments (Udvardi & Poole, 2013) and some studies have cleverly manipulated C supply via shading or low CO 2 and used isotope labelling to quantify tradeoffs between plant C availability and nitrogen Fig. 7 Nonstructural carbohydrates (NSC) storage formation hypothesized to be an actively regulated (blue arrows) or overflow (red arrows) process. At positive carbon (C) balance (phase I), allocation to storage may result from either accumulation (dark green box) or reserve formation (light green box) or both. If NSC is present in excess of demand for growth or other sinks (accumulation), genetic upregulation of reserve formation may be triggered by sugar signallinginduced expression of genes encoding for storage processes (e.g. starch and lipid formation). However, as C availability decreases (phase II) both accumulation and storage upregulation via sugar sensing should decrease whereas reserve formation may still be actively upregulated. When plants reach the C compensation point (CCP; phase III; carbon balance = daily assimilation -daily respiration = 0) accumulation ceases and allocation to storage (reserve formation) must compete with other sinks including growth (yellow box). At CCP, storage upregulation is unlikely to be triggered by sugar signalling because NSC accumulation decreases. Sustained allocation to storage (relative to other sinks) would then be indicative for active storage upregulation, independent of NSC excess, whereas decreased allocation to storage would provide evidence against reserve formation having a high allocation priority. Under C starvation (phase IV) storage may be remobilized to fuel life-maintaining sinks (e.g. respiration, maintenance) but this mobilization is independent of storage allocation regulation (orange box). (Fellbaum et al., 2014; Zhang et al., 2015) . Interestingly, nutrient uptake did not decrease even though shaded or low-CO 2 plants decreased the absolute amount of C transferred to mycorrhiza. Instead, plants optimized internal resource distribution by allocating proportionally more C and N to aboveground tissues to maximize the potential for CO 2 assimilation (Zhang et al., 2015) . A similar resource limitation experiment applied atmospheric N 2 removal to force rhizobia to 'cheat' on their hosts, thereby addressing plant sanctions for nonrewarding symbionts (Kiers et al., 2003) . Such clever experimental designs coupled with the use of isotopic tracers allow investigations on resource exchanges between plants and symbionts and may help in elucidating whether plants or their partners determine the rate of sink activity.
7. How do NSC allocation strategies vary with plant traits and are these linked to resilience to stress?
A better understanding of the how NSC are allocated across different functional groups of trees (fast-vs slow-growing, angiosperm vs gymnosperm, deciduous vs evergreen) may help us to predict vulnerability/response to different combinations of environmental stresses (Niinemets, 2010) . For example, one might expect mature rainforest tropical trees that have reached the canopy to be dominated by 'fast' NSC pools, because there is not really a dormant season. However, Muhr et al. (2013) demonstrated that CO 2 emitted from tropical tree stems was from C that on average was as old (or older) than that from temperate trees Fig. 6 ). Linking wood anatomy and life traits to the overall dynamics of NSC will require measurements across all forest biomes, and may also help answer questions about the potential role of NSC in xylem cavitation repair during drought, whereas investigation of the age of C fuelling resprouting after massive tissue dieback may be linked to the recurrence frequency of 'emergencies' such as large-scale damage or fire.
8. What is the role of elevated CO 2 in NSC dynamics and what are the consequences for trees?
We have focused here on the current debates surrounding drought and tree mortality, but obviously a change in CO 2 supply is an ongoing (and even, since the end of the last glaciation, long-term) factor to be considered. Whole-Tree Chamber (WTC) experiments demonstrated that elevated [CO 2 ] can exacerbate seasonal acclimation of leaf respiration to elevated temperature and to moderate drought (Crous et al., 2011) , whereas Free-Air CO 2 Enrichment experiments (FACE) showed that elevated [CO 2 ] may substantially enhance leaf net photosynthetic rates (Ellsworth et al., 2012) although both net leaf C assimilation and carboxylation capacity depend on leaf N content (Ellsworth et al., 2004) . At the whole-tree and ecosystem levels, elevated [CO 2 ] had no effect on tree radial growth (Bader et al., 2013) , while observed increased forest net primary productivity was closely linked to N availability and may diminish over time (Norby & Zak, 2011) . Such observations and chamber experiments demonstrate that elevated [CO 2 ], even under concurrent elevated temperature, leads to increased plant NSC content (Wullschleger et al., 1992; Vu et al., 2002) . However, NSC dynamics are rarely investigated in FACE experiments (but see K€ orner et al., 2005) even though their role in plant resilience to stress may become a determinant factor vegetation responses to climate change (Niinemets, 2010) . How changes in NSC from elevated [CO 2 ] translate into altered tree function (e.g. changes in metabolism, nutrient acquisition, secondary metabolite production, resilience to damage, growth, etc.) has yet to be investigated fully and needs to be a research priority in ongoing studies. The current evidence, however, does not indicate any alleviatory effects of elevated CO 2 during droughtinduced tree mortality (Allen et al., 2015) .
VI. Summary and conclusion
Application of isotopic tools that can distinguish recently fixed from stored carbon in nonstructural carbohydrates (NSC) have led to a more quantitative understanding of NSC dynamics in trees. They show that multi-annual storage reserves contribute normally to tree function, and demonstrate definitively that measurements of NSC concentrations alone do not provide sufficient information to understand tree functioning and how it is affected by stress. Combining these new tools and experiments offer promise to make progress on longstanding and fundamental questions about the role of NSC storage, particularly in drought stress and mortality in trees.
